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Resonant generation of p-wave Cooper pair in non-Hermitian Kitaev chain at
exceptional point
X. M. Yang and Z. Song∗
School of Physics, Nankai University, Tianjin 300071, China
We investigate a non-Hermitian extension of Kitaev chain by considering imaginary p-wave pairing
amplitudes. The exact solution shows that the phase diagram consists two phases with real and
complex Bogoliubov-de-gens spectra, associated with PT -symmetry breaking, which is separated
by a hyperbolic exceptional line. The exceptional points (EPs) correspond to a specific Cooper pair
state (1 + c†
k
c
†
−k) |0〉 with movable k when the parameters vary along the exceptional line. The
non-Hermiticity around EP supports resonant generation of such a pair state from the vacuum state
|0〉 of fermions via the critical dynamic process. In addition, we propose a scheme to generate a
superconducting state through a dynamic method.
I. INTRODUCTION
The Kitaev model is a lattice model of a p-wave su-
perconducting wire, which realize Majorana zero modes
at the ends of the chain [1]. This has been demonstrated
by unpaired Majorana modes exponentially localized at
the ends of open Kitaev chains [2–4]. The main feature
of this model originates from the pairing term, which
violates the conservation of the fermion number but pre-
serves its parity, leading to the superconducting phase.
The amplitudes for pair creation and annihilation plays
an important role in the existence of the gapped super-
conducting phase. In general, most of the investigations
on this model has focused on the case with a Hermitian
pairing term. A non-Hermitian term is no longer for-
bidden both in theory and experiment since the discov-
ery that a certain class of non-Hermitian Hamiltonians
could exhibit entirely real spectra [5, 6]. The origin of
the reality of the spectrum of a non-Hermitian Hamil-
tonian is the pseudo-Hermiticity of the Hamiltonian op-
erator [7]. It motives a non-Hermitian extension of the
Kitaev model. Many contributions have been devoted
to non-Hermitian Kitaev models [8–13] and Ising models
[14, 15] within the pseudo-Hermitian framework. Also,
the experimental schemes for realizing the Kitaev model
and related non-Hermitian systems has been presented in
Refs. [16] and [17], respectively. In addition, the peculiar
features of a non-Hermitian system do not only manifest
in statics but also dynamics. From the perspective of
non-Hermitian quantum mechanics, it is also a challenge
to deal with many-particle dynamics.
In this paper, we investigate a non-Hermitian exten-
sion of Kitaev chain by considering imaginary p-wave
pairing amplitudes. Theoretically, an open system is re-
garded as a subsystem of an infinite Hermitian system,
while a non-Hermitian Hamiltonian is introduced to de-
scribe the physics of the subsystem in a phenomenolog-
ical way [18]. Non-Hermitian p-wave pairing amplitudes
may arise from the case, in which subsystem and the
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surrounding system are in the superconducting phase.
When the whole system is in some non-equilibrium su-
perconducting states, the subsystem should be effectively
described by a non-Hermitian pair creation and annihi-
lation. As a concrete step toward this, the quantum tun-
neling of particle pairs has been studied for two weakly
interacting systems as a superconducting tunnel junction
[19]. Non-Hermitian systems exhibit many peculiar dy-
namic behaviors that never occurred in Hermitian sys-
tems. One of the remarkable features is the dynamics
at exceptional point (EP) [20–22] or spectral singularity
(SS) [23–27], where the system has a coalescence state. In
this work, we focus on the EP-related dynamic behavior
for the many-body system.
Based on the exact solution, we find that the excep-
tional line is a hyperbolic in parameter space, which sep-
arates two regions with real and complex Bogoliubov-
de-gens spectra, associated with unbroken and broken
PT -symmetric phase, respectively. The EPs move in k
space when the parameters vary along the exceptional
line. In addition, the critical dynamics supports reso-
nant generation of p-wave Cooper pair: a specific pair
state c†kcc
†
−kc
|0〉 with selecting opposite momentum kc
can be generated from the vacuum state |0〉 of fermions
by natural time evolution. The selected kc ranges over
the Brillouin zone, determined by the parameters. The
underlying mechanism stems from the critical dynamics
around the EP, that projects an initial state on the co-
alescing state. Our work also exemplifies the dynamic
nature of a non-Hermitian interacting many-particle sys-
tem. As an application, it provides alternative way to
generate a superconducting state from an empty state
via critical dynamic process rather than cooling down
the temperature.
This paper is organized as follows. In Section II, we
describe the model Hamiltonian. In Section III, based on
the solutions, we present the phase diagram. In Section
IV, we study the dynamics in the unbroken-symmetry re-
gion, including the time evolution at exceptional line. In
Section V, we focus on the critical dynamics for vacuum
state as initial state. In Section VI, we propose a scheme
to generate a superconducting state. Finally, we give a
summary and discussion in Section VII.
2II. NON-HERMITIAN KITAEV MODEL
We consider the following fermionic Hamiltonian on a
lattice of length N
H =
N∑
j=1
[−Jc†jcj+1 +H.c.− i∆c†jc†j+1 (1)
−i∆cj+1cj + µ (2nj − 1)],
where c†j (cj) is a fermionic creation (annihilation) op-
erator on site j, nj = c
†
jcj , J the tunneling rate, µ the
chemical potential, and i∆ the strength of the p-wave
pair creation (annihilation). We define cN+1 = c1 for
periodic boundary condition. The Hamiltonian (1) is
known to have a rich phase diagram in its Hermitian
version, i.e., i∆ → ∆, which is a spin-polarized p-wave
superconductor in one dimension. This system is known
to have topological phases in which there is a zero energy
Majorana mode at each end of a long chain. It is also
the fermionized version of the familiar one-dimensional
transverse-field Ising model [28], which is one of the sim-
plest solvable models exhibiting quantum criticality and
demonstrating a quantum phase transition with sponta-
neous symmetry breaking [29]. In this work, we con-
sider a non-Hermitian extension by imaginary pairing
amplitude i∆. Comparing with the non-Hermitian Ki-
taev model in previous works [8–14], the present model
has parity-time-reversal (PT ) symmetry (proved below)
and its non-Hermiticity arises from the imaginary pair-
ing term rather than from the on-site potential term. We
will show that the quasi-particle spectrum can have two
movable EPs, resulting in some exclusive features differ-
ent from its Hermitian version.
Before solving the Hamiltonian, it is profitable to in-
vestigate the symmetry of the system. By the direct
derivation, we have [PT ,H] = 0, where the antilinear
time reversal operator T has the function T iT = −i, and
(P)−1 clP = cN−l+1. As a usual pseudo-Hermitian sys-
tem [30], the PT symmetry in the present model plays
the same role to the phase diagram. The spectrum of
H can be real if all the eigenstates can be written as
a PT -symmetric form, while complex when the corre-
sponding eigenstates break the PT -symmetry. The con-
cept of EPs in this paper specifies the locations in the
parameter space, at which the complex spectrum starts
to appear (In general, an EP is any point with coalescing
state). We concentrate our work on the real-spectrum (or
unbroken symmetry) region, avoiding the exponentially
increased Dirac probability.
In this work, we focus on the dynamics of such a super-
conducting system, which motivates a more systematic
study. Taking the Fourier transformation
cj =
1√
N
∑
k
eikjck, (2)
for the Hamiltonian (1), with wave vector k ∈ (−π, π],
we have
H = −
∑
k
[2 (J cos k − µ) c†kck
+∆sink(c−kck + c
†
−kc
†
k) + µ]. (3)
For the convenience of further analysis, we express the
Hamiltonian by using the Nambu representation
H =
∑
pi>k>0
Hk, (4)
Hk = 2
(
c†k c−k
)( µ− J cos k ∆sin k
−∆sink J cos k − µ
)(
ck
c†−k
)
,
(5)
where the Hamiltionian Hk in each invariant subspace
satisfies the commutation relation
[Hk,Hk′ ] = 0. (6)
This allows us to treat the diagonalization and the dy-
namics governed byHk individually. So far the procedure
is the same as those for solving the Hermitian version
of H. To diagonalize a non-Hermitian Hamiltonian, we
should introduce the Bogoliubov transformation in the
complex version:{
γk = cos θkck − i sin θkc†−k,
γk = cos θkc
†
k + i sin θkc−k,
(7)
where the complex angle θk is determined by
tan (2θk) =
i∆sink
µ− J cos k . (8)
It is a crucial step to diagonalize a non-Hermitian Hamil-
tonian, which essentially establishes the biorthogonal
modes. It is easy to check that the complex Bogoliubov
modes (γk, γk) satisfy the anticommutation relations
{γk, γk′} = δk,k′ , (9)
{γk, γk′} = {γk, γk′} = 0,
which result in the diagonal form of the Hamiltonian
H =
∑
k
εk
(
γkγk −
1
2
)
. (10)
Here
εk = 2
√
(µ− J cos k)2 −∆2 sin2 k. (11)
is the dispersion relation of the quasiparticle. Note that
the Hamiltonian H is still non-Hermitian due to the fact
that γk 6= γ†k. In addition, quasi-spectrum εk can be real
or imaginary, but not zero since the complex Bogoliubov
modes (γk, γk) is not well-defined if εk = 0, which will
be discussed in next section.
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FIG. 1. (a) The phase diagram of the non-Hermitian Kitaev model with imaginary p-wave pairing amplitudes. The phase
boundary is a hyperbolic exceptional lines (darkmagenta), which separate two regions with real (purple) and complex (yellow)
Bogoliubov-de-gens spectra, associated with unbroken PT -symmetric phase and broken PT -symmetric phase respectively. (b)
Real part of quasi-particle spectra for three typical points indicated in (a), representing unbroken phase (lightblue), EP line
(lightgreen) and broken phase (lightpink), respectively. (c) Quasi-particle spectra for three typical points at the phase boundary
line indicated in (a). The corresponding EPs are movable and merges at fixed k = 0 or k = pi.
III. PHASE DIAGRAM
According to the theory for a pseudo-Hermitian system
[30], the whole parameter space consists of two kinds of
regions, symmetry-unbroken one with a fully real spec-
trum and symmetry-broken one with a complex spec-
trum, which originates from the over-threshold imaginary
pairing amplitudes. The reason can be seen from the fol-
lowing derivation. For a given k, the Hamiltonian Hk in
the basis (|0〉k |0〉−k, |1〉k |1〉−k, |1〉k |0〉−k, |0〉k |1〉−k) is
expressed as 4× 4 matrix
Hk = 2
 J cos k − µ −∆sink 0 0∆ sin k µ− J cos k 0 00 0 0 0
0 0 0 0
 . (12)
The eigenstates
∣∣ψ±kλ〉 (λ = e, o denotes the even/odd
parity of the particle number) are∣∣ψ±ke〉 = 1√
Ω±
nh
(|0〉k |0〉−k + β±k |1〉k |1〉−k) , (13)∣∣ψ+ko〉 = |1〉k |0〉−k , ∣∣ψ−ko〉 = |0〉k |1〉−k , (14)
where Ω±
nh
= 1+
∣∣β±k ∣∣2 is the normalization coefficient in
the context of Dirac inner product with
β±k =
∆sin k
J cos k − µ± εk/2 , (15)
and corresponding energies are
ε±ke = ±εk, ε±ko = 0. (16)
We note that{ PT ∣∣ψ±ke〉 = ∣∣ψ±ke〉 , for (εk)2 > 0
PT ∣∣ψ±ke〉 = ∣∣ψ∓ke〉 , for (εk)2 < 0 , (17)
while
PT ∣∣ψ±ko〉 = e∓ik ∣∣ψ±ko〉 , (18)
for both unbroken and broken PT -symmetric phases,
where we used the relation
(PT )−1 c†kPT = e−ikc†k. (19)
As expected, the symmetry of the eigenstates is associ-
ated with the reality of the energy level. An eigenstate
of H is constructed as the form
|Ψ〉 =
∏
pi>k>0
∣∣ϕλk〉 , (20)
where the index λ = 1, 2, 3, 4 labels the eigenstate in each
k sector,
∣∣∣ϕ1,2k 〉 = ∣∣ψ+.−ke 〉 and ∣∣∣ϕ3,4k 〉 = ∣∣ψ+.−ko 〉, with the
eigen energy
E =
∑
pi>k>0
ǫλk , (21)
with ǫ1,2k = ε
+,−
ke and ǫ
3,4
k = 0. Therefore, the reality of
εk determines the reality of the spectrum of H, since a
single imaginary εk can result in the complex spectrum of
H. A quantum phase transition occurs when the complex
spectrum appears. Then the phase boundary ofH locates
at the touching point of curve εk at k axis. The phase
boundary (or EP line) in parameter space (µ−∆ plane)
is determined by the equations [31].
εkc =
[
∂εk
∂k
]
k=kc
= 0. (22)
The boundary is obtained as
µ2c −∆2c = J2 (23)
4with
kc = arccos
J
µc
. (24)
In this situation, Hkc cannot be expressed as the complex
Bogoliubov modes
(
γkc , γkc
)
since the matrix of Hkc in
even particle number sector has a Jordan block form
Mc =
−2∆2c
µc
(
1 −1
1 −1
)
, (25)
which hence is no longer diagonalizable. Two eigenvec-
tors of Mc coalesce to a single one (1, 1)
T
, leading to
a set of coalescing eigenstates of H, including the coa-
lescing groundstate. Remarkably, Hkc governs a peculiar
dynamics, which is the focus of this work. The phase di-
agram on parameter µ−∆ plane is plotted in Fig. 1(a).
The real part of quasi-particle spectra for several typical
points in symmetry-unbroken, broken phase phases, and
on EP line are plotted in Fig. 1(b) and (c). It shows
that the pair of EPs are movable and meet at a fixed
point. Such a gapless phase is different from its Hermi-
tian version, where the band touching point is degenerate
point. It will result in different dynamical behavior in the
non-Hermitian Kitaev model, especially near the phase
boundary.
IV. DYNAMICS
We study the dynamics in the unbroken-symmetry re-
gion, in which εk is always real, including the time evo-
lution at exceptional line. Based on the above analysis,
the dynamics is governed by the time evolution operator
U(t) = exp(−iHt) =
∏
pi>k>0
Uk(t), (26)
where
Uk(t) = exp(−iHkt). (27)
The explicit form of Uk(t) is determined by the diagonal
form of Hk, i.e.,
Hk = εk
(
γkγk + γ−kγ−k − 1
)
(28)
However, one of an exclusive features of a non-Hermitian
system is that Hk is undiagonalizable when k = kc.
Therefore, we will deal with Uk(t) in two aspects.
(i) In the case of k 6= kc, we have
Uk(t) = 2 [cos (εkt)− 1] γ¯kγkγ¯−kγ−k (29)
+
(
1− eiεkt) (γ¯−kγ−k + γ¯kγk) + eiεkt,
where we have used the identity (γkγk)
2
= γkγk. This
result is also valid for imaginary εk. The vacuum
state of γk is constructed as |Vac〉k = γk |0〉, where |0〉
is the vacuum state of ck. Four states (|00〉k, |11〉k,
|10〉k, |01〉k)=(|Vac〉k |Vac〉−k, γ¯kγ¯−k |Vac〉k |Vac〉−k,
γ¯k |Vac〉k |Vac〉−k, γ¯−k |Vac〉k |Vac〉−k) are both the
eigenstates of Hk. The time evolution of such four states
are
Uk(t)
 |00〉k|11〉k|10〉k|01〉k
 =
 exp (iεkt) |00〉kexp (−iεkt) |11〉k|10〉k|01〉k
 , (30)
which indicates that it looks like the one in Hermitian
system if εk is real. The corresponding Dirac probabil-
ity, |Uk(t) |mn〉k|2 (m,n = 1, 0) is conservative. How-
ever, the Dirac probability of a superposition of such two
eigenstates in even particle number subspace is periodic
function of time with period π/εk. It is noted that when
k tends to kc, this period goes to infinite (or non-period),
which is one of properties of the critical dynamics.
(ii) In the case of k = kc, Hkc cannot be expressed as
the complex Bogoliubov modes
(
γkc , γkc
)
. Nevertheless,
we can rewrite Hkc in the form
Hkc = −
2∆2c
µc
(
szkc + is
y
kc
)
, (31)
by introducing pseudo-spin operators [32]
sxk =
1
2
(
c†−kc
†
k + ckc−k
)
,
syk =
1
2i
(
c†−kc
†
k − ckc−k
)
,
szk =
1
2
(
c†kck + c
†
−kc−k − 1
)
, (32)
which satisfy Lie algebra [sαk , s
β
k ] = iεαβγs
γ
k, with εαβγ
being the Levi-Civita symbol. The corresponding time
evolution operator has the form
Ukc(t) = exp(−iHkct) = 1− iHkct, (33)
based on the identity (szk + is
y
k)
2
= 0, or (Hkc)2 = 0.
Obviously, the coalescing eigenstate of Hkc is the spin-
up state in x direction, sxkc |x〉 = 12 |x〉, and the corre-
sponding eigenstates are
|±x〉 = |0〉k |0〉−k ± |1〉k |1〉−k . (34)
Then the dynamics of the Jordan block is very clear, i.e.,
Ukc(t) |x〉 = |x〉 , (35)
Ukc(t) |−x〉 = |−x〉+ i4
(
∆2c/µc
)
t |x〉 . (36)
Any initial state with component |x〉 obeys a non-
periodic (or infinite period) dynamics, which accords
with the dynamics of Hk with k → kc. In addition,
the evolved state Ukc(t) |−x〉 converges to |x〉 as time
increases. This property also appears in the dynam-
ics of Hk with k → kc. Therefore, the system around
EP should exhibit some peculiar critical dynamics. The
dynamics of Hkc alone cannot induce any macroscopic
phenomenon, while a set of Hk near EP may result in
many-particle effect.
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FIG. 2. Plots of (a) Nk, (b) N(t), and (c) Nk(t), which is defined in Eqs. (48), (49) and (46). The parameters are N = 40 and
(J,∆, µ) = (1,
√
3, 2).
V. P-WAVE PAIR GENERATION
In this section, we investigate the critical dynamical
behavior by applying the obtained U(t) on a simple initial
state. We start with the time evolution of the vacuum
state of operators c±k as an initial state, i.e.,
|ψk(0)〉 = |0〉k |0〉−k . (37)
In the case of k 6= kc, we have
|ψk(t)〉 = Uk(t) |ψk(0)〉 (38)
=
[−2i sin (εkt) sin2 θk + exp (iεkt)] |0〉k |0〉−k
− sin (2θk) sin (εkt) |1〉k |1〉−k ,
while for k = kc, we have
|ψkc(t)〉 = (1 + it) |0〉kc |0〉−kc − it |1〉kc |1〉−kc . (39)
Accordingly, considering a vacuum state of all fermions
(empty state) as an initial state
|Ψ(0)〉 =
∏
k>0
|ψk(0)〉 =
∏
k>0
|0〉k |0〉−k , (40)
we have
|Ψ(t)〉 =
∏
k>0
Uk(t) |ψk(0)〉 . (41)
It is expected p-wave pairs are generated from the empty
state. We are interested in the normalized population of
p-wave pair
N(t) =
〈Ψ(t)| N̂ |Ψ(t)〉
〈Ψ(t)|Ψ(t)〉 =
∑
k>0
〈Ψ(t)| N̂k |Ψ(t)〉
〈Ψ(t)|Ψ(t)〉 , (42)
where the total p-wave pair number operator is
N̂ =
∑
k>0
N̂k =
∑
k>0
nkn−k. (43)
Then N(t) can be evaluated from Nk(t)
N(t) =
∑
k>0
Nk(t) =
∑
k>0
〈ψk(t)| N̂k |ψk(t)〉
〈ψk(t)|ψk(t)〉 , (44)
and the distribution of Nk(t) determines the property of
the non-equilibrium state.
For the case of k 6= kc, we have
〈Ψk(t)|Ψk(t)〉 = 2 |sin 2θk|2 sin2 (εkt) + 1, (45)
and
Nk(t) =
[∆ sin k sin (tεk)]
2
(εk/2)
2 + 2 [∆ sink sin (tεk)]
2
, (46)
which is a periodic function of time with period Tk =
π/εk. We note that we have εk ≈ 0 in the vicinity of
k ≈ kc, and the period become very long. It indicates
that we always have Nk(t) ≈ 1/2 except for some short
intervals.
For the case of k = kc, Eq. (39) shows that the nor-
malized pair number is
Nkc(t) =
t2
1 + 2t2
, (47)
which obeys limt→∞Nkc(t) = 1/2, which accords with
the case with k 6= kc but infinite long period. In order to
demonstrate the property of the evolved state, we define
the average normalized pair number distribution
Nk =
1
Tk
∫ Tk
0
Nk(t)dt, (48)
and the total average normalized pair number
N (t) =
1
π
∫ pi
0
Nk(t)dk. (49)
We plot quantities Nk, N(t), and Nk(t) for a concrete
cases in Fig. 2. It indicates that the majority of modes
become quasi stable after a period of time. Accordingly,
the evolved many-body state |Ψ(t)〉 should exhibit as a
macroscopic equilibrium state. In the following section,
we will investigate the possible property of such a state.
VI. DYNAMICAL GENERATION OF
SUPERCONDUCTING STATE
In this section, as an application of above result, we in-
vestigate the possibility of dynamical generation of super-
6conducting state via a non-Hermitian Kitaev model. The
scheme is that taking the empty state
∑
k>0 |0〉k |0〉−k as
an initial state, the final state, which approches to the
ground state of a Hermitian Kitaev Hamiltonian H , is
acheived by a driven non-Hermitian Kitaev Hamiltonian
H at EP. Before proceeding, we briefly review the prop-
erties of a Hermitian Kitaev model with the Hamiltonian
H =
N∑
j=1
[−Jc†jcj+1 +H.c.− i∆hc†jc†j+1 (50)
+i∆hcj+1cj + µh (2nj − 1)].
It has been shown to have topologically non-trivial (triv-
ial) ground state, when |µh| < |J | (|µh| > |J |) in Ref.
[1]. The phase diagram is plotted in Fig. 3, with H-
shape boundary separating topologically non-trivial and
trivial phases, characterized by winding number N . By
the similar procedure as above, we have
H =
∑
pi>k>0
Hk, (51)
Hk = 2
(
c†k c−k
)( µh − J cos k ∆h sin k
∆h sink J cos k − µh
)(
ck
c†−k
)
,
(52)
where the Hamiltonian Hk in each invariant subspace
satisfies the commutation relation
[Hk, Hk′ ] = 0. (53)
For a given k, the HamiltonianHk in the basis (|0〉k |0〉−k,|1〉k |1〉−k, |1〉k |0〉−k, |0〉k |1〉−k) is expressed as 4×4 ma-
trix
hk = 2
 J cos k − µh ∆h sin k 0 0∆h sink µh − J cos k 0 00 0 0 0
0 0 0 0
 . (54)
The eigenstates
∣∣ϕ±kλ〉 (λ = e, o denotes the even/odd
parity of the particle number) are
∣∣ϕ±ke〉 = 1√
Ω±
h
(|0〉k |0〉−k + b±k |1〉k |1〉−k) , (55)∣∣ϕ+ko〉 = |1〉k |0〉−k , ∣∣ϕ−ko〉 = |0〉k |1〉−k , (56)
where Ω±
h
= 1 +
∣∣b±k ∣∣2 is the normalization coefficient in
the context of Dirac inner product with
b±k =
∆h sin k
J cos k − µh ± ǫ±ke/2
, (57)
and corresponding energies are
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FIG. 3. Phase diagram of Hermitian Kitaev model on the
parameter µh − ∆h plane. The skyblue, yellow and purple
regions correspond to the winding number −1, 0 and 1 re-
spectively. Darkmagenta lines indicate the phase transition
lines.
{
ǫ±ke = ±2
√
(µh − J cos k)2 +∆2h sin2 k,
ǫ±ko = 0.
(58)
Accordingly, the groundstate wave function can be ex-
pressed as
|G〉 =
∏
pi>k>0
∣∣ϕ−ke〉 . (59)
We note that for a topological non-trivial ground state,
we have
lim
k→0
∣∣ϕ−ke〉 = |1〉k |1〉−k , lim
k→pi
∣∣ϕ−ke〉 = |0〉k |0〉−k , (60)
while
lim
k→0
∣∣ϕ−ke〉 = |0〉k |0〉−k , lim
k→pi
∣∣ϕ−ke〉 = |0〉k |0〉−k , (61)
for a topological trivial ground state. On the other hand,
for the non-Hermitian system, we know that there is
a stable final state limt→∞ |ψkc(t)〉 ∝ (|0〉kc |0〉−kc −|1〉kc |1〉−kc), according to Eq. (39). If we take a match-
ing set of parameters, the stable final state can be an
eigenmode of |G〉 , i.e., |ψkc(t)〉 =
∣∣ϕ−kce〉 after normaliza-
tion. It is probably to obtain a state dynamically under
the Hamiltonian H, which is similar to a ground state
of H . To characterize how close of an evolved state to a
superconducting state we introduce a quantity
O(t) =
1
N
∑
k
Ok(t), (62)
where
Ok(t) =
〈
ϕ−ke |ψk(t)〉 , (63)
is the overlap of a specific topological superconducting
mode
∣∣ψ−ke〉 and a dynamically generated state |ψk(t)〉
via the non-Hermitian system.
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FIG. 4. Numerical simulations of Ok defined in Eq. (63), and O (t) defined in Eq. (62). The four panels in first row and the
second row are the plots of Ok at time t = 50J
−1 and 100J−1 , respectively. The red lines represent the corresponding O, which
are the values (a1) 0.376, (a2) 0.390, (b1) 0.771, (b2) 0.780, (c1) 0.936, (c2) 0.939, (d1) 0.964, (d2) 0.964. The four panels in
third row are the plots of O(t) with the same parameters in two above rows. The parameters are N = 61, J = 1, ∆ = ∆h = 1,
and µ =
√
J2 +∆2. Each column of the graph has the same set of parameters, i.e., (a1-a3) µh = −5, (b1-b3) µh = −0.5, and
(c1-c3) µh = 0.9, (d1-d3) µh = µ. The parameters of Hermitian Kitaev model in (c1-c3) and (d1-d3) supports topologically
non-trivial and trivial superconducting ground states, respectively.
We compute the quantity O(t) for various sets of pa-
rameters (J,∆, µ) and (J,∆h, µh) to search optimal cases
with large O(t). We find that there are many cases with
large O(t). Here we take four typical cases to demon-
strate our results. We plot O(t) and Ok at certain in-
stants in Fig. 4, which show that O(t) oscillates with
a very small amplitude. It also indicates that through
such a dynamical method, a quasi-superconducting state
involving topological trivial and non-trivial can be gen-
erated from a simple initial state.
VII. SUMMARY
In summary, we have studied the non-Hermitian ex-
tension of Kitaev chain by considering imaginary p-wave
pairing amplitudes. Based on the analysis of the exact
solution we find that exceptional line is hyperbolic, which
separates two regions with real and complex Bogoliubov-
de-gens spectra, associated with PT -symmetry breaking.
The EPs are movable in k space as the parameters vary
along the exceptional line. The non-Hermiticity around
EP supports resonant generation of p-wave Cooper pair
state via the critical dynamic process. A specific pair
state (1 + c†kc
†
−k) |0〉 with selecting momentum k can be
generated from the vacuum state |0〉 of fermions and be
frozen forever. The remarkable result obtained by an-
alytical approaches and numerical simulations are that
the dynamically generated state via the non-Hermitian
system is very close to a specific superconducting ground
state, which can be topologically non-trivial or not. This
finding provides alternative way to generate a supercon-
ducting state via critical dynamic process rather than
cooling down the temperature.
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